ABSTRACT This paper studies the adaptive fault-tolerant control problem for a class of switched systems under arbitrary switchings between two uncertain nonlinear strict-feedback subsystems. Through using backstepping techniques, two adaptive state feedback control approaches are presented, where unknown switching parameters are directly estimated via switched adaptive laws. A new trajectory initialization method is proposed, where the adaptive parameters are reset by exploiting the previous estimation information. By constructing a special Lyapunov function, the global stability and asymptotic tracking of the closed-loop system are achieved in the presence of actuator faults. Furthermore, the prescribed performance method is introduced in the second control approach to improve the transient performance of the first approach. Finally, two examples are presented to show the effectiveness of the proposed approaches.
I. INTRODUCTION
In the past years, switched systems have been paid considerable attention since a large amount of practical systems can be modeled as switched systems, such as mechanical systems, networked control systems, circuit and power systems, chemical processes, robot manipulators, near space vehicle control systems [1] - [8] . The studies on switched systems have been mainly concentrated on stability analysis. The methods using common Lyapunov function (CLF), multiple Lyapunov functions are proposed for the switched nonlinear systems under arbitrary switchings or under some design switching laws [9] - [12] . For constraint switchings, the average dwell time methods play an important role [13] - [18] . Colaneri et al. [19] investigated the problem of stabilization for a class of nonlinear switched systems by using dwell time method and nonlinear Lyapunov-Metzler inequality based method.
For a switched system under arbitrary switchings, the existence of a common Lyapunov function (CLF) for all subsystems is shown to be a necessary and sufficient condition for its stability in [1] . And the CLF method has been widely studied for switched linear systems [20] - [22] , [24] . In [20] , necessary and sufficient conditions for absolute stability are given for the case of second-order system, and in [24] , a necessary and sufficient condition for the existence of a common quadratic Lyapunov function (CQLF) is proposed for the associated linear systems. Further, the stability of positive linear switched systems is considered under arbitrary switching laws in [21] . In recent years, it has been further extended to switched nonlinear systems under arbitrary switchings. In [25] , necessary and sufficient conditions for the existence of globally uniformly asymptotically stabilizing state feedback controllers for switched nonlinear systems with two subsystems are derived by CLF. Especially, for switched nonlinear systems in lower triangular form, some important methods are proposed by backstepping design technique [4] , [26] , [29] , [30] , [32] . In [4] and [26] , systematic state feedback backstepping design procedures are proposed to globally stabilize the completely known switched nonlinear systems. In [27] , robust switching adaptive control method is proposed for a class of multi-input nonlinear systems. Further, the global adaptive output-feedback control problem is considered in [28] , where the nonlinear system is in outputfeedback form, with unknown parameters entering nonlinearly. Considering the uncertainty widely exists in practical switched nonlinear systems, [29] investigates the problem of stabilization for the switched parametric-strict-feedback nonlinear systems. In [30] , the adaptive fuzzy control method is proposed for switched systems with completely unknown nonlinearities by using the CLF method. However, since the fuzzy logic systems are introduced to approximate the unknown nonlinear functions, the feasibility of the adaptive fuzzy controller is only established on a unknown compact set.
In the existing results, to construct a CLF, the common virtual control functions for all subsystems in the backstepping procedure need to be found first, to guarantee the state tracking errors not to jump at the switching instants. Thus, it may be a barrier for constructing a CLF to directly estimate the switching parameters by switched adaptive parameters [30] . However, control performance through adaptively estimating the switching parameters by one adaptive parameter, and then transforming the virtual control corresponding to one from multiple modes may not be satisfactory since the system is persistent switching [29] . So it is somewhat difficult to stabilize the systems under arbitrary switchings by directly estimating the switching parameters. To avoid the problem, there are mainly two methods in the existing results where the systems can be stabilized without explicitly considering the changes of plant parameters. In [12] , [30] , and [31] , the maximal norm of unknown switching parameters for every subsystem is estimated instead of the switching parameters to construct the common virtual control functions. However, the asymptotic tracking of the systems cannot be ensured by using these methods. Based on the idea of estimating the bound on switching parameters, Chiang and Fu [29] proposed adaptive state feedback and output feedback controllers to stabilize a class of uncertain switched nonlinear systems in parametric strict-feedback form by backstepping technique. But some smooth functions need to be found to construct the virtual control functions on unknown compact sets, however, which may be somewhat difficult, especially with an increase of the order of the considered system. The transient and steady state performances are important for accessing nonlinear systems. In [33] and [34] , a prescribed performance method is first proposed. Then this technique is fast extended to several classes of nonlinear systems [35] - [39] . The key idea is called error transformation technique, that is, the tracking performance constraint of the original system can be transformed into the boundedness of an equivalent system. However, to the best of the authors' knowledge, the design methodology has not been applied to switched nonlinear strict-feedback systems. It is worth noting that at the switching instants, the nonlinear system may have a poor transient performance.
In this paper, the adaptive asymptotic tracking control is investigated for a class of switched systems subject to actuator failures, where two nonlinear subsystems with linearparametric uncertainties are switching arbitrarily. By using backstepping design techniques, two adaptive state feedback controllers are constructed. The unknown switching parameters are directly estimated via switched adaptive parameters.
With the constructed adaptive state feedback controller, it is shown that the stability of each closed-loop subsystem is ensured. A novel trajectory initialization method is proposed, where adaptive parameters are initialized by exploiting previous information at the switching instants. By constructing a special CLF, the aforementioned barrier which is brought by directly estimating the switching parameters can be bypassed. To improve the transient performance of the first control scheme, the prescribed performance control method is introduced in the second adaptive control scheme. Differing from existing works, there are two main advantages: 1) different update laws are designed to reduce the conservativeness caused by adoption of a common update law for all subsystems; 2) asymptotic stability is ensured regardless of system switchings and actuator faults, and the transient performance can also be improved especially at the switching points.
The remaining part of this paper is organized as follows. The problem formulation and preliminaries are presented in Section 2. Two adaptive state feedback controller are designed for the considered system, and stability analysis under arbitrary switching signals is given in Section 3. Simulation studies verify the effectiveness of the two schemes in Section 4, and the paper is concluded in Section 5.
II. PRELIMINARIES AND PROBLEM FORMULATION A. SYSTEM DESCRIPTIONS AND ASSUMPTIONS
Consider a class of switched nonlinear dynamic systems in the following form:
, is a switching signal, which is assumed to be a piecewise continuous (from the right) function of time. θ ∈ l , θ 1 ∈ l and θ 2 ∈ l are unknown constant vectors. Let t 1 , t 2 , · · · represent switching instants and without loss of generality, it can be assumed that σ (t) = 1 for [t 0 , t 1 ), where t 0 is the initial time. The switching signal σ (t) can be characterized by the switching sequence:
x 0 is the initial state. For j ∈ N, when t ∈ [t 2j , t 2j+1 ), σ (t) = 1, when t ∈ [t 2j+1 , t 2j+2 ), σ (t) = 2. σ (t) = k implies the kth subsystems is active, and accordingly, g σ (t) , θ σ (t) , u σ (t) and ϕ ς,σ (t) become g k , θ k , u k and ϕ ς,k . The solution in the sense of Caratheodroy of system (1) is assumed to exist and to be unique. In addition, we assume that the state of system (1) does jump at the switching instants, that is, the solution is everywhere continuous.
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The actuator faults considered in this study are lock-inplace and loss of effectiveness, which were defined by [7] , [35] , [41] , and [42] . The control input u σ (t) can be expressed as
where
T is the vector of the designed control inputs andū = [ū 1 , · · · ,ū m ] T with u i is a constant value where the actuator is stuck.
is the still active proportion of the actuator after the loss of effectiveness and ρ i = 1 implies that the ith actuator is healthy. τ σ = diag{τ 1σ , · · · , τ mσ } and
, if the ith actuator faults are lock − in − place 0, if the ith actuator faults are loss of effectiveness
The proposed control design needs the following assumptions.
Assumption 1: The switching signal σ (t) is available for controller design.
Assumption 2: There exists no Zeno phenomenon in system (1).
Assumption 3 [35] : The reference signal y d (t) and its ith (i = 1, · · · , ς) derivatives are known, bounded and piecewise continuous.
Assumption 4: System (1) is constructed such that if up to m−1 actuators fail as (2) and the remaining active proportion of the others meet ρ σ ∈ [ρ iσ , 1], then the resulting system can be still controllable.
B. PRESCRIBED PERFORMANCE
Consider the error variables z i , i = 1, · · · , ς, which will be defined in (8) the next section. According to [35] , the prescribed performance bound (PPB) for the error of each step in the backstepping procedure is expressed as
where 0 < δ i1 , δ i2 ≤ 1, i = 1, · · · , ς are prescribed parameters and η i (t) : R + → R + \ {0}, i = 1, · · · , ς are decreasing smooth functions with lim t→∞ η i (t) = η i1 > 0 called the performance functions, which are given beforehand. In this paper, we choose the performance functions as the following form:
where η i0 > η i1 and a i > 0. By the method of transforming the constrained error condition (3) into the boundedness of signals as the only requirements, design ς smooth and strictly increasing functions S i (χ i ), i = 1, · · · , ς with the following properties:
where −∞ < a < +∞ is a constant. Remark 1: Compared with the existing error transformation technique in [34] and [35] , a new property is added into the transformed function, which will be used to avoid the singularity problem in controller design. Under the property (iii), the property (iv) is easy to be satisfied. In fact, according to limit definition, we have
Therefore the property (iv) is equivant to the existence of partial derivative at
By the properties (i) and (ii) of S i (χ i ), the errors are expressed as the following form:
The respective inverse functions which exist are expressed as
Control Objective: Design an adaptive switched control law such that the global stability of the resulting closedloop system can be ensured and the system output y(t) can asymptotically track the desired trajectory y d (t). In addition, the all state tracking errors z 1 (t) = y(t) − y d (t) and z i (t) = x i (t) − α i−1 (t), i = 2, · · · , ς remain the prescribed performance bounds (3) .
As a result, the transient performance in terms of convergence rate and maximum overshoot of the tracking error y−y d can be improved by adjusting design parameters.
III. MAIN RESULTS
In this section, we will present two adaptive control schemes for system (1) via the backstepping technique. In Section 3.1, first, by the existing results, the stability of every subsystem can be guaranteed with proposed adaptive controller. Then by a new trajectory initialization method and constructing a special CLF, the overall system with the proposed adaptive controller is globally stable and the asymptotic tracking can be achieved. In Section 3.2, the prescribed performance method is incorporated into the backstepping procedure, and a detailed design procedure will be given. We introduce the error variable of each step for the kth subsystem as
where α i−1 , i = 2, · · · , ς are the virtual control signal determined at the ith step and take x i as intermediate control signal.
To be convenient for expression, we will also simplify our notation of ϕ i (x i ), g k (x) to ϕ i , g k , respectively, by dropping their arguments in the follows.
A. ADAPTIVE CONTROL DESIGN AND STABILITY ANALYSIS
In this section, an adaptive control scheme for system (1) is developed via the backstepping design procedure. A new trajectory initialization technique is proposed, where the initial value of switched adaptive parameter can be reset by employing the previous estimation information. With the help of this technique, a continuous CLF can be designed to carry out the stability analysis. For the kth subsystem, the virtual control determined at the i(1 ≤ i ≤ ς )th step is designed as
.θ k and θ are the estimates of θ k and θ , respectively, and θ = θ −θ , θ k = θ k −θ k . c i for i = 1, · · · , ς, γ , γ k and β k are positive constants. Design the fault-tolerant control laws as
whereι k is the estimate of
The adaptive learning laws are defined aṡ
The initial conditions for the time interval [t j , t j+1 ), j = 1, 2 · · · of adaptive lawsθ k andι k are chosen aŝ
It is seen that the adaptive parameterθ k andι k at the switching instants are set by the previous estimation information. Such a method is called trajectory initialization, which will play an important role in the stability analysis. Now we state one of our main results as follows. Theorem 1: Under Assumptions 1-4, the adaptive controller (10), adaptive law (11) with the initial condition (12) and the virtual control functions (9) can ensure all the signals in the closed-loop system remain bounded and the tracking error z 1 (t) = y(t) − y d (t) asymptotically approaches zero.
Proof: Choose the overall Lyapunov function for the kth subsystem as
By Barbalat's lemma, (13) means that every subsystem is asymptotically stable.
In the follows, a trajectory initialization method proposed in (12) will ensure the global stability and the asymptotic tracking of overall system under arbitrary switchings. From (12) , it follows that
Construct the Lyapunov function candidateV ς,1 = V * ς,1 + ϑ * 2 , where
which is a continuous and piecewise differentiable function due to the continuousness ofθ 1 (t),θ 2 (t),ι 1 (t) andι 2 (t) from (14) . In the follows, it will be shown that the derivative time ofV ς,1 is indeed negative semidefinite during every time interval [t j , t j+1 ), j = 1, 2, · · · .
For [t 2j−1 , t 2j ), σ (t) = 2, the derivative time ofV ς,1 for [t 2j−1 , t 2j ) can be computed aṡ
For [t 2j , t 2j+1 ), σ (t) = 1, the derivative time ofV ς,1 can be computed aṡ
Similarly, construct the Lyapunov function candidatē V ς,2 = V * ς,2 + ϑ * 1 , where
and then we haveV ς,2 = − 
i . From (10) , control signals v k for k = 1, 2 are also bounded. The global stability of the closed-loop system is then established.Notingż i ∈ L ∞ and z i ∈ L 2 , by Barbalat's lemma, it follows that lim t→∞ z i (t) = 0. Thus the asymptotic tracking is achieved, i.e. lim t→∞ y(t) = y d (t).
When σ (t) = 1 for t ∈ [t 2j , t 2j+1 ), the adaptive parameter θ 2 (t) does not exist. According to the trajectory initialization, we can regard theθ 2 (t) as a constantθ 2 (t 2j ) in the time interval [t 2j , t 2j+1 ) in the proof of Theorem 1. The adaptive parameter θ 1 (t) is similar in the time interval [t 2j−1 , t 2j ). Due to the initial condition (12), the quadratic CLFsV 1 andV 2 are continuous on the overall time interval.
Remark 2: Unlike the methods proposed in [12] and [29] - [31] , the unknown switching parameter of the considered system is directly estimated by the switched adaptive parameter. Clearly the switching adaptive laws are more reasonable and less conservative than common ones. Thus, such a method is called the direct adaptive asymptotic tracking control method.
Remark 3: By using trajectory initialization, the previous estimation information can be stored and used as the initial value of the adaptive parameters at the switching instants. The adaptive parametersθ k (t), k = 1, 2 can be regarded to be continuous and piecewise differentiable functions defined on [0, +∞). Thus,θ σ can be guaranteed to sufficiently estimate the optimal weight θ σ and the CLF is also continuous. The diagrammatic sketch of trajectory initialization is clearly plotted in Figure 1 .
Remark 4: To come over the barrier of constructing the CLF when the switching parameters are directly estimated by switched adaptive parameters, the trajectory initialization method has been given in our result, which is given by (12) . With the help of this method, the continuous CLF is designed successfully, and the global stability and asymptotic stability of considered system can also be ensured under arbitrary switchings.
Remark 5: In [13] and [31] , the average dwell time method is used to guarantee the boundedness of considered switched system, where the average dwell time is required to satisfy the restriction τ a > (ln µ/C). However, it is difficult to find a positive constant µ which should satisfy
And from (14) , there exists no any positive constant C such thatV ≤ −CV holds. Thus, the average dwell time may be invalid here. To this end, the trajectory initialization method is given in our result. The initial values of the switched adaptive parametersθ σ (t) are reset by the previous estimation information at the switching instants, which is given by (12) . Then by CLF method, the global stability of considered system can be ensured under arbitrary switchings.
B. ADAPTIVE CONTROL WITH GUARANTEED TRANSIENT PERFORMANCE AND STABILITY ANALYSIS
In this section, an adaptive control scheme with guaranteed transient performance for system (1) will be presented via the backstepping design technique incorporated by prescribed performance method.
Design the virtual control determined at the i(1 ≤ i ≤ ς )th step for the kth subsystem as
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where χ i is defined in (7) and
Design the fault-tolerant control laws as
where its initial conditions at switching instants are chosen the same as (12). Next we give another main results of the paper. Theorem 2: The adaptive controller with guaranteed transient performance (18) , adaptive law (19) with the initial condition (12) , the virtual control functions (17) can ensure the following properties of system (1) under Assumptions 1-4.
1) All the signals in the closed-loop system remain bounded and the tracking error z 1 (t) = y(t) − y d (t) asymptotically approaches zero.
2)the error of each step (8) remains within prescribed performance bound, i.e. z i (t), i = 1, · · · , ς satisfy prescribed performance (3) .
Proof: Combine (1), (7) and (8), we obtain the transformed errors system when σ (t) = k aṡ
, and since η i (t) > 0 for t > 0 and S i (χ i ) is strictly increasing, we have ξ i > 0.
Then, the adaptive state feedback controller with guaranteed transient performance is constructed recursively by the backstepping design procedure for the kth subsystem, which contains n steps. In each step, by choosing an appropriate Lyapunov function V i,k , a switched virtual control function α i,k can be developed, and the real tracking control law u k will finally be designed.
Step 1: Choose Lyapunov function as
Design the virtual control α 1 as:
Substituting (22) into (21) yields that
Step 2: Choose Lyapunov function as
Theṅ
where ω 2 = ϕ 2 − ∂α 1 ∂x 1 ϕ 1 . Design the virtual control function α 2 as
where τ 2 = τ 1 + χ 2 ξ 2 ω 2 . We naturally define
So it is seen that the property (iv) of function S i (v i ), i = 2, · · · , ς can ensure the existence of the virtual control α i , i = 2, · · · , ς.
By substituting (25) into (24), one haṡ
where the equality z 2 = η 2 S 2 (χ 2 ) is used. VOLUME 6, 2018 FIGURE 2. Switching signal. Step i(3
where Design the virtual control α i as:
Substituting (27) into (26), one getṡ
where the equality z i = η i S i (χ i ) is used.
Step ς : Choose the overall Lyapunov function as
Then when the kth subsystem is active, 
Substituting (18) and (19) into (28) yields thaṫ
where the equality z ς = η ς S ς (χ ς ) is used. Thus, the stability of every subsystem is ensured. Similar to Theorem 1, the trajectory initialization method and a CLFV ς =V ς,1 +V ς,2 withV ς,1 = V * ς,1 + ϑ * 2 and V ς,2 = V * ς,2 + ϑ * 1 are used to guarantee the global stability of closed-loop system (20) and lim t→∞ χ i (t) = 0. From the above discussion in Section 2.2, the prescribed performance (3) is satisfied and the tracking error asymptotically converges to zero, i.e., lim t→∞ y(t) − y d (t) = 0. |q|+ε ≤ ε for any ε > 0 and any q ∈ R. However, the constant term ε is introduced, although it can be chosen to be arbitrarily small. From (18) and (19) , the boundedness of control signal and the asymptotic tracking of the considered switched system cannot be ensured. By the improved error transformation technique, the residual term χ i−1 ξ i−1 z i at the (i − 1)th step can be offset completely by introducing the term −
IV. SIMULATION EXAMPLE
Example 1: The feasibility of the proposed two control approaches and the control performances are illustrated by the following mass-spring-damper system. The mass-springdamper system with nonlinear stiffness and damping is described by equation of the form [12] , [31] :
where q is the displacement and m represents the mass and f (q) = −q 2 , g(q) = − This mechanical system has been studied from the point of view of switching control. Here suppose that apply two prespecified candidate controllers v k = mu k + f k (q,q), k = 1, 2. Defining x 1 = q and x 2 =q, then (30) can be rewritten aṡ
where f 1 (x) = θ 1 x 1 cos(x 2 2 ), f 2 (x) = θ 2 e x 1 sin(x 1 x 2 ) with θ k , k = 1, 2 being unknown parameters which represent VOLUME 6, 2018 the uncertainties of the system. u σ (t) is a switching external force. Thus the switching parameters may be positive or negative. The desire trajectory is defined as y d (t) = sin(t). The switching parameters are assumed as θ 1 = −3 and θ 2 = 6.
Apply the above two adaptive controllers to system (30), where
as the equivalent control input. In the second control approach, the performance functions are chosen as η 1 (t) = 8e −2t +1 and η 2 (t) = 300e −6t +1. The prescribed parameters are chosen as δ 11 = 0.03, δ 12 = 0.04 and δ 21 = 0.01, δ 22 = 0.01. And the strictly increasing functions S i (v i ) are borrowed from [35] :
By computing, S i (0) = δ i2 < +∞. In addition, in order to further show the advantages of the proposed schemes, the adaptive indirect sliding mode controller in Khanesar et al. 2015 [43] is also applied to system (30) , where
with s p = λ 0 (ẏ −ẏ d ) + λ 0 (y − y d ),k 1 = η 1 s 2 p ,k 2 = η 2 |s p | andθ = −η 3 ϕ 2,σ s p − γθ . Choose the design parameters η i = 1, i = 1, 2, 3 and γ = 0.1. It is seen that the switched parameter θ σ is estimated by non-switchingθ(t) in the design. Figure 2 demonstrates the evolution of switching signal. Figure 3 shows the system outputs y and reference signal y d by the proposed two schemes. Figure 4 depicts the responses of the tracking error y − y d and the errors of 2th step by the three approaches. Figure 5 illustrates that the trajectories of adaptive laws of the proposed two approaches. From Figure 5 (a), the estimate valueθ 2 at the point B is used for resetting the initial value at the point A. Figure 6 presents the switched control laws of the proposed two approaches. From Figures 3-5 , it can be seen that by using the proposed two approaches, the system output y can asymptotically track the target signal y d and all the closed-loop signals remain bounded by using the two adaptive control approaches, while the tracking error obtained by the method in [43] is only bounded. Differing from the proposed first control scheme, the prescribed performance technique is introduced in the second one. By using the error transformation method, the state tracking errors z 1 and z 2 are transformed into new error variables χ 1 and χ 2 . Indeed, it is shown from Figure 4 that all the errors remain within the prescribed performance bounds. Thus, the boundedness of χ i guarantees the performance constraint of z i . The transient performance in terms of convergence rate and maximum overshoot of the tracking error y − y d is also improved.
Example 2: Consider the following second-order system aṡ
x 2 = θ σ (t) ψ σ (t) (x) + u σ (t) (33) where ψ 1 (x) = x 1 cos x 2 and ψ 2 (x) = e x 1 x 2 1+sin 2 x 1 . In simulation, the unknown parameters are set as θ = 1, θ 1 = 1.5 and θ 2 = 3. Apply the above two adaptive controllers to system (32) , where ϕ 1 = sin x 1 , ϕ 2,1 = x 1 cos x 2 , ϕ 2,2 = e x 1 x 2 1+sin 2 x 1 and g k = 1, k = 1, 2. In the second control approach, the performance functions are chosen as η 1 (t) = 8e −2t + 1 and η 2 (t) = 300e 
